A phenomenological study of CP-violating dimension-six operators via the e + e − → ννH process is performed in a model-independent Standard Model effective field theory framework at all energy stages of CLIC using the updated baseline integrated luminosities. All signal and relevant background events are generated in MadGraph5_aMC@NLO and passed through PYTHIA 8 for parton showering and hadronization at parton level. 
Introduction
Although the observation of a scalar particle with mass about 125 GeV compatible with the Standard Model (SM) Higgs boson at the Large Hadron Collider (LHC) [1, 2] marked a milestone in particle physics, evidence for new physics beyond the SM has not been observed yet in the analysis of combined ATLAS and CMS data to probe the couplings of the Higgs boson. Therefore, one of the main topics of the High-Luminosity LHC (HL-LHC) program and envisaged future high-energy collider projects will be the precise measurement of the Higgs-boson couplings to the SM particles.
In the SM framework, the experimental data is currently consistent with a CP-even hypothesis and the charge conjugation-parity (CP) violation is described by Cabibbo-Kobayashi-Maskawa (CKM) matrix [3, 4] with a single complex phase in the Yukawa sector. However, the origin of the baryon asymmetry of the universe can not be explained by the CP violation in the SM [5] . An extended Higgs sector together with CP-violation beyond the Standard Model (SM) is one of the conceivable options to explain the baryon asymmetry of the Universe. Especially, the couplings of Higgs to SM gauge bosons and/or fermions are interesting possibilities which contain new sources of CP-violation. A well-known approach of searching for new physics in a model-independent way is the SM Effective Field Theory (EFT). The basic principle of this approach is that all new physics contributions to the SM are included with higher-dimensional operators conforming to SU(3) C × SU(2) L × U(1) Y SM gauge symmetry [6, 7] . The possibility of CP-violating couplings involving higher-dimensional interaction terms containing the Higgs and gauge boson pairs cannot be discarded in the investigation of new physics. Searches for CP-violating Higgs-gauge boson couplings to higher-dimensional operators were previously performed in many rewarding studies at experimental LHC data [8] [9] [10] [11] and phenomenologically at LHC [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , at HE-LHC and HL-LHC [22] [23] [24] , at future e + e − [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and ep colliders [40] .
The precision measurements of the Higgs boson couplings with the other SM particles at the LHC and planned future colliders will give us detailed information about its true nature. Among the proposed future collider projects, the Compact Linear Collider (CLIC) is a mature option for a future linear electron-positron collider [41, 42] , which is currently under development as a possible large-scale installation at CERN. Additionally, CLIC comes to the fore with features such as i) allowing the precise determination of the properties of the Higgs boson well beyond the precision of the HL-LHC [43, 44] , ii) being a unique and innovative two-beam acceleration technique that can reach accelerating gradients of 100 MV/m, iii) providing high-luminosity e + e − collisions at a series of center-of-mass energy stages from a few hundred GeV up to 3 TeV, iv) benefiting from the clean experimental environment and good knowledge of the initial state to allow precise measurements of many reactions. To diversify the physics opportunities, CLIC will be operated in several center-of-mass energy stages. A first stage at 380 GeV center of mass energy gives a suitable platform not only to the Higgsstrahlung process in which e + e − collisions enables a unique Higgs physics programme, but also to perform a scan over the tt production threshold [45, 46] . The higher-energy stages, currently assumed to be at 1.5 TeV (second stage) and 3 TeV (third stage), provide a unique sensitivity for a large number of new physics scenarios. Updated integrated luminosities for these three energy stages, based on accelerator ramp-up and up-time scenarios, are 1.0 ab −1 , 2.5 ab −1 and 5.0 ab −1 , respectively [44] . Each stage is planned to run seven or eight years with a two-year commissioning between so that the physics program will be completed within approximately 25-30 years. Since dimension-6 CP-even operators have been studied in CLIC [42, 47] , we investigate the effect of CP-violating dimension-6 operators of the HWW , Hγγ and HZZ vertices defined by an SM EFT Lagrangian in the e + e − → ννH production process at the three energy stages of CLIC in this study.
The rest of the paper is organized as follows: in the next section we give details of the Effective Field Theory approach and operators of the dimension-6 CP-violating interactions of the Higgs boson and electroweak gauge boson in the Strongly-Interacting Light Higgs (SILH) basis. In section 3, the event selection criteria and cut optimization of the signal and relevant background processes are discussed for each stage of CLIC. In section 4, the sensitivity of CP-violating dimension-6 Higgs-Gauge boson couplings is extracted by applying χ 2 criteria. Finally, we conclude and compare our obtained limits with current experimental results in section 5.
Effective Operators
It is well known that all operators which define quark and lepton fields along with a single Higgs doublet field interacting via an SU(3) C × SU(2) L × U(1) Y SM gauge symmetry are restricted to have mass dimension of four or less in the SM Lagrangian ( L SM ). In the Effective Field Theory (EFT) approach, the SM Lagrangian is extended with higher-dimensional operators having coefficients of inverse powers of mass (Λ), and hence are suppressed if this mass is large compared to the reachable experimentally energies;
where Λ is the new physics scale, O i are the dimension-six operators, and the coefficients c i are dimensionless parameters of the new physics coupling to the SM particles. It is also noted that we ignore the dimension-5 operators responsible for generating Majorana neutrinos and are only concerned with the extended Lagrangian with dimension-6 operators. The most general gauge-invariant dimension-6 Lagrangian L can be expressed in a convenient basis of independent operators O i using normalized Wilson coefficients asc i = c i /Λ 2 that are free parameters [48] [49] [50] . In this work, we consider the dimension-6
CP-violating interactions of the Higgs boson and electroweak gauge boson in the SILH basis as [50] :
where the dual field strength tensors are defined by
and Φ is the Higgs field containing a single SU(2) L doublet of fields;
ν are the electroweak field strength tensor and G µν is the strong field strength tensors; g , g and g s denote coupling constant of U(1) Y , SU(2) L and SU(3) C gauge fields, respectively; the generators of SU(2) L in the fundamental representation are given by T 2k = σ k /2 and σ k are the Pauli matrices. The SM EFT Lagrangian (Eq. (2)) containing the Wilson coefficients in the SILH basis of dimension-6 CP-violating operators can be defined in terms of the mass eigenstates after electroweak symmetry breaking (Higgs boson, W, Z, photon, etc.) as follows:
where W µν , Z µν and F µν are the field strength tensors of W -boson, Z-boson and photon, respectively. The effective couplings in gauge basis defined as dimension-6 operators are given in Table 1 .
The parametrization of Ref. [50] which is based on the formulation given in Ref. [49] is considered in our analysis. Since it chooses to remove two fermionic invariants while retaining all the bosonic operators, the parametrization is not complete as explained in Ref. [51, 52] . This choice assumes completely unbroken U(3) flavor symmetry of the UV theory where the coefficient of these operators are unit matrices in flavor space. Therefore, we focus on the flavor diagonal dimension-six effects. The main purpose of this paper is to obtain a sensitivity forc HW ,c HB andc γ couplings without considering higher-order electroweak effects. For this purpose, the effects of the dimension-6 CP-violating operators on Hνν production mechanism in e + e − collisions are investigated using the Monte Carlo simulations with leading order in MadGraph5_aMC_v2.6.3.2@NLO [53] . The described CP-violating operators in the effective Lagrangian of Eq. (2) 
Signal and Background Analysis
In this section, we investigate the sensitivity of CLIC at three center of mass energy stages for CPviolatingc HW ,c HB ,c γ effective couplings through the e + e − → ννH process and relevant backgrounds assuming Higgs boson decays to a pair of b-quarks. The effective CP-violating dimension-6 couplings and SM contribution (S + B H ) in the e + e − → ννH process are taken into account. The following relevant backgrounds are included in the analysis. i) The same final state as the considered signal process including only SM contribution is the e + e − → ννH process, which is labelled B H . ii) The production of two Z bosons is labeled as B ZZ , considering one Z decaying to bb while the other decays to νν. iii) The W boson pair production is labeled as B WW , considering one W decaying to bb while the other decays to lν. iv) B tt is the pair production of the top quark process i.e. , e + e − → tt in which one of the top quark , where the leptonic decay channel of W ± is considered. v) The hadronic decay channel of the Z boson in the e + e − → ννZ process is taken into account and labelled B Zνν . As shown in Ref [43] , one can expect to see significant contribution to the background due to eγ and γγ collisions. In our analysis framework, we generate events via Madgraph which does not include photons from Beamstrahlung. Therefore, we neglect these backgrounds in our analysis. The cross section of the considered backgrounds in our analysis are given in Table 2 . All signal and background events (500k for each) are generated in MadGraph5_aMC@NLO and passed through PYTHIA 8.2 for parton shower and hadronization at parton level [56] . We use the Delphes 3.4.1 [57] for a fast simulation of detector response with tuned CLIC detector cards [58, 59] . There are three cards, designed for each center-of-mass energy stage of CLIC: √ s =380 GeV, 1.5 TeV and 3 TeV. Some properties of the cards are as follows. Jets are clustered with the Valencia Linear Collider (VLC) algorithm [60, 61] in exclusive mode with a fixed number of jet (N = 2, 3, 4, 5, 6 where N corresponds to the number of partons expected in the tree level final state) and five different cone size parameters (R = 0.5, 0.7, 1.0, 1.2, 1.5) with γ=β =1 using FastJet [62] . The b-tagging efficiency and misidentification rates implemented in this cards are discussed in Ref. [63] where the three working points (WP) are defined; the tight WP (50 % b-tagging efficiency), medium WP (70 % b-tagging efficiency), and loose WP (90 % b-tagging efficiency). In our analysis, we picked N jets =2 and R=1.0 for three energy stages with the three b-tagging working points, tight, medium and loose. Then, all events are analyzed by using the ExRootAnalysis utility [64] with ROOT 6.16. [65] . 
√ s = 380 GeV
In addition to initial jet clustering (i.e, N jets =2 and R=1.0), events having no charged leptons are selected for further analysis (Cut-0). In order to separate signal and background events we use the following kinematical cuts: i) In exclusive mode, we have two jets which are obtained from subsequent decay of Higgs, tagged as b-tagged jets. The b-tagged jet with the highest transverse momentum (p T ) is labeled as b1 and the one with lower p T as b2 (Cut-1). The phase space of b-tag jets for the SM background process with the same final state as signal at b-tagging efficiency working points (90 %) defined in the CLIC Delphes card are shown in Fig.2 . The transverse momentum and pseudo-rapidity of b1 and b2 for signal (forc HW =0.1 benchmark point) and all relevant background processes taking the loose btagging working point are shown in Fig.3 . ii) As is seen from Fig.2 and Fig.3 , we select a region in phase space where the transverse momentum of b1 is p b1 T > 50 GeV and b2 has p b2 T > 30 GeV, and the pseudo-rapidity of the b-tagged jets is |η b1,b2 | ≤ 2.0. This cut suppresses B ZZ and B Zνν backgrounds.
For signal and background processes, distributions of the missing energy transverse ( E T ), scalar sum of the transverse energy (H T ), the invariant mass and the transverse momentum of the reconstructed Higgsboson from two b-jets are depicted in Fig.4 . Subsequent cuts can be determine from these figures: The missing energy transverse E T > 30 GeV provides a way of reducing the B ZZ and B tt backgrounds at the region with low missing energy transverse (Cut-2). iii) Requiring scalar sum of the transverse energy (H T ) to be 100 GeV < H T < 200 GeV drastically reduces B tt background (Cut-3). iv) The invariant Table 3 . The numbers of events after each cut are shown in Table 4 (Fig.2-5 ) and number of events in Table 4 are normalized to the cross section of each process times the integrated luminosity, L int = 1.0 ab −1 .
√ s = 1.5 TeV and 3 TeV
The analysis of √ s = 380 GeV is repeated for a 1. processes taking the loose b-tagging working point at √ s = 1.5 TeV, the distributions of transverse momentum and pseudo-rapidity of b1 and b2 are shown in Fig.6 while the missing energy transverse ( E T ) and scalar sum of the transverse energy (H T ) are given in Fig.7 . Both of these figures are normalized to the cross section of each process times the integrated luminosity, L int = 2.5 ab −1 . We only modified Cut-3 to H T > 100 GeV as shown in Table 3 at √ s = 1.5 TeV. Since similar distributions to Fig.6 and 7 have been observed at √ s = 3 TeV, we implemented the same cuts used in the √ s = 1.5 TeV analysis. of mass energies, respectively. After applying the final cut, which requires the transverse momentum of bb system to be greater than 75 GeV, we obtained the normalized number of events for signals and relevant SM backgrounds. The total normalized number of events in the existence of effective couplings (c HW =0.1,c HB =0.3 andc γ =0.3) and all relevant backgrounds are given in Table 5 . 
where N NP is the total number of events in the presence of effective couplings (S) and total SM backgrounds (B tot ), N B tot is the total number of events only coming from SM backgrounds, defined as 
Conclusions
For a better understanding of the new physics beyond the SM in the Higgs sector, among the proposed future colliders, CLIC is an attractive option that has a clean environment. In this paper, we have emphasized the effects of CP-violating dimension-6 operators defined by an SM EFT Lagrangian approach via the e + e − → ννH process for three energy stages of CLIC ( √ s = 380 GeV, 1.5 TeV, 3 TeV) and integrated luminosities (L int = 1.0 ab −1 , 2.5 ab −1 , 5.0 ab −1 ). We have presented the kinematical distributions of signal and relevant backgrounds; transverse momentum and rapidity of b-tagged quarks, missing energy transverse, scalar sum of the transverse energy and the invariant mass and transverse momentum of the Higgs boson, reconstructed from a pair of b-quarks (with 90 % b-tagging efficiency). In order to obtain limits on the CP-violating dimension-6 couplings at each energy stage of CLIC, we focused on the transverse momentum of the reconstructed Higgs boson at three working points of b-tagging efficiency considering realistic detector effects with tuned CLIC detector cards designed for each center of mass energy stage in a cut-based analysis. The e + e − → ννH process is more sensitive toc HW andc HB couplings than the other CP-violating dimension-six couplings at three energy stages of CLIC. The obtained sensitivity of couplings at 95 % C.L. of thec HW andc HB in all energy stages of CLIC are better than both HL-LHC projected and observed current experimental limits. As a conclusion, CLIC with three energy stages will offer advantages to probing the couplings of Higgs with SM particles that appear in the new physics beyond the SM scenarios.
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